• Abrupt strengthening under dense ice-packing configurations induces granular jam- 
where C is the material cohesion. This relationship is well established for granular mate-73 rials [e.g. Terzaghi et al., 1996] and ice [Schulson et al., 2006; Fortt and Schulson, 2007;  74 Weiss et al., 2007; Feltham, 2008; Fortt and Schulson, 2009; Schulson and Fortt, 2012] .
75
The effect of inertia on the post-failure rheology is described by the magnitude of the di-76 mensionless inertia number I:
where γ is the shear-strain rate,d is the representative grain diameter, and ρ is the grain 
Numerical methods for granular materials

97
The discrete-element method (DEM, also known as the distinct element method) is 
where is a safety factor (e.g. = 0.07), max(k n ) is the largest elastic stiffness in the 122 system, and min(m) is the smallest particle mass. As apparent from Eq. 4, small ice floes 123 require small time steps, while softening of the elastic modulus can speed up the computa- 
Governing equations
140
For computational efficiency, we treat the ice floes as cylinders moving in two di-
141
mensions along the atmosphere-ocean interface. The ice-floe geometry is described by 142 thickness h and horizontal radius r. The translational momentum balance for an ice floe 143 with index i is:
where m is the ice-floe mass, x is ice-floe center position, and f n and f t is granular contact-
145
normal and tangential force from interaction with ice floe j. The external forces f o and 146 f a are ocean and atmosphere-induced drag, respectively. Similarly, the angular momentum 147 balance for grain i is:
J z is the moment of inertia around the vertical center axis, and Ω is the angular position and torques that appear in the linear and angular momentum balances are described below.
152
In this study, and in the above equations for momentum, we disregard Coriolis forces, sea-153 surface slope, or wave action. These terms should be considered when implementing in 154 coupled models, but are omitted here due to the idealized ocean and atmosphere in our 155 simulation setups. We integrate the momentum-balance equations in time using a third-
156
order Taylor expansion scheme, which is computationally simple and has a high level of models. Common to both models is f n , the resistive force to axial compressive strain 160 between to cylindrical ice floes i and j, which is modeled by (Hookean) linear elasticity 161 based on the overlap distance δ n :
This is a common approach in discrete-element simulations [e.g. (i.e. the vector of shear motion) on the contact plane for the duration of the contact t c :
where v and ω denotes linear and angular velocity, respectively. The contact-parallel unit 191 vector is denotedt. The contact transverse travel distance δ t is corrected for contact ro-
192
tation over the duration of the interaction, and is used to determine the contact-tangential 193 elastic force:
with ν i j is the harmonic mean of the Poisson's ratios set for the ice floes. We use a con-
195
stant value of ν = 0.185 [Hopkins, 2004] . Coulomb friction on the grain surface limits the 196 tangential force, relative to the magnitude of the normal force:
The Coulomb-frictional coefficient µ introduced above describes resistance to sliding along 
Cross-sectional area of the contact is found as 
where we use an idealized value of ρ o = 1 × 10 3 kg m −3 as ocean density, D is the ice-floe ice-floe velocity is v. Similarly, for the atmosphere-induced drag:
The atmosphere density is ρ a = 1.3 kg m −3 . The vertical and horizontal drag coefficients [e.g. Nakayama and Boucher, 1998 ], sometimes ignored in DEM sea-ice models:
and
where ω is the ice-floe angular velocity. The above terms add rotational drag for a spin- 
Model limitations 261
The presented model is not sufficiently general for being a complete formulation for The effects of the ocean and atmosphere are here prescribed as constant velocity 
Experiments
295
We perform two types of experiments in order to understand the granular rheology
296
and its applicability to simulate sea-ice dynamics. In both cases we generate ice-floe sizes 
Simple shear
324
We perform simple shear experiments on dense granular packings, where the ice 325 floes are sheared from a pre-consolidated state under a constant normal stress (Fig. 1) .
326
The primary objective of these experiments is to validate the Mohr-Coulomb frictional be- 
Jamming in idealized straits
352
In this set of experiments we use ocean and atmosphere drag to push the ice floes 353 through a confining strait of funnel-shaped geometry (Fig. 2) , and analyze how the ice- 
361
During our initial tests we observed that the simulated material never jammed inside the 362 flat-walled channel, but always at or before the channel entrance. For that reason, we con-363 strain our simulation domain size to only include the relevant parts. 
Results
379
In this section we compare bulk behavior between the algorithmically complex Coulomb- A benchmark of the computational performance reveals that the interaction routine is 
Simple shear 394
We observe that both the Coulomb-frictional and cohesive models follow the Mohr-
395
Coulomb constitutive relation (Eq. 2), as the bulk shear stress of the granular assemblages 396 τ u scales linearly with normal stress N applied normal to the shear direction (Fig. 3a) .
397
The Coulomb-frictional model produces an ice-floe pack with a small value for bulk co- 
403
The effective shear friction (τ u /N) is a metric that describes bulk mechanical prop-404 erties during shear (Fig. 3b) . For the Coulomb-frictional tests, we see that the bulk fric- (Fig. 4) is similar in the two models. The only difference is that shear strain is 
Jamming in idealized straits
417
By adjusting the grain-to-grain frictional coefficient µ (Eq. 10) and the tensile strength 427 σ c (Eq. 11) we can assess jamming tendencies in the two models. Figure 6a shows that ( Fig. 7a,b) . 
463
We also increase the width of the generated particle-size distribution (PSD) around 464 the same mean value, and observe that jamming occurs faster in wide size spans (Fig. 9) . 
Discussion and Summary
478
We have developed a flexible discrete-element framework for simulating Lagrangian 479 sea-ice dynamics at the ice-floe scale, forced by ocean and atmosphere velocity fields.
480
Frictionless contact models based on compressive stiffness alone are very unlikely to jam.
481
We describe two different approaches based on Coulomb friction and tensile strength,
482
where both additions result in increased bulk shear strength of the granular assemblage.
483
We demonstrate that the discrete-element approach is able to undergo granular jamming 484 when forced through an idealized confinement, where the probability of jamming is deter- (Fig. 5c) . However, our parameterization reforms bonds 508 progressively when ice floes again come into contact, which limits the strain weakening 509 otherwise associated with bond breaking. increasing compressive stress on the contacts (Eq. 10), which linearly increases bulk shear 512 strength (Fig. 3a) the weaker behavior observed at large normal stresses (Fig. 3c) . However, shear strength 516 does still increase, since larger normal stresses on the shear zone cause self-arrangement 517 into a denser packing. The dense system contains relatively more contacts containing ten- (Fig. 4) . We do not expect notable differ-521 ence in deformation patterns on larger scales unless strong cohesion is applied.
522
The approach used in this study relies on many simplifications and is not capable of 
